DNA damage provokes DNA repair, cell-cycle regulation and apoptosis. This DNA-damage response encompasses gene-expression regulation at the transcriptional and posttranslational levels. We show that cellular responses to UV-induced DNA damage are also regulated at the posttranscriptional level by microRNAs. Survival and checkpoint response after UV damage was severely reduced on microRNA-mediated gene-silencing inhibition by knocking down essential components of the microRNA-processing pathway (Dicer and Ago2). UV damage triggered a cell-cycle-dependent relocalization of Ago2 into stress granules and various microRNA-expression changes. Ago2 relocalization required CDK activity, but was independent of ATM/ATR checkpoint signalling, whereas UVresponsive microRNA expression was only partially ATM/ ATR independent. Both microRNA-expression changes and stress-granule formation were most pronounced within the first hours after genotoxic stress, suggesting that microRNA-mediated gene regulation operates earlier than most transcriptional responses. The functionality of the microRNA response is illustrated by the UV-inducible miR-16 that downregulates checkpoint-gene CDC25a and regulates cell proliferation. We conclude that microRNAmediated gene regulation adds a new dimension to the DNA-damage response.
Introduction
Various endogenous and exogenous agents, such as metabolic byproducts and solar UV irradiation, continuously damage cellular DNA. If not repaired properly, this can result in mutations or chromosomal aberrations and might eventually trigger cancer. Alternatively, DNA damage may cause cell death and cellular senescence, which may contribute to aging. Mammalian cells have elaborate systems to counteract the harmful effects of DNA damage, collectively called DNA-damage response (DDR). DNA damage activates repair systems in parallel with complex signal-transduction routes that transiently halt the cell cycle, trigger apoptosis or lead to irreversible growth arrest (replicative senescence). The precise regulation of DDR is critical for cell survival and its abrogation often results in genetic instability and malignant transformation, whereas DDR hyper-activation may trigger excessive cell death or senescence and accelerate aging (Hoeijmakers, 2007) .
Many DDR proteins are regulated at the post-translational level through modulation of protein activity or stability (Lukas and Bartek, 2004) , for example more than 700 proteins are phosphorylated after DNA-damage induction (Matsuoka et al, 2007) . In addition, DDR is controlled at the transcriptional level by the induction of DNA repair and cell-cycle regulatory genes after genotoxic stress (Garinis et al, 2005) . A prime example is the transient stabilization of p53 after DNA damage and the subsequent activation of numerous p53 target genes (Colman et al, 2000) . Recently, an additional layer of gene regulation has been discovered, which acts at the post-transcriptional level through microRNAs (miRNAs). These small endogenous non-coding RNAs are involved in diverse cellular and developmental processes in plants and animals (Kloosterman and Plasterk, 2006) . Mature miRNAs are generated from longer primary transcripts, which are then processed into hairpin RNAs of approximately 70 nucleotides. These precursor miRNAs are exported to the cytoplasm and further processed by Dicer. The RNA-induced silencing complex (RISC), in which argonaute-2 protein (Ago2) represents the catalytic activity, mediates miRNA-induced regulation of mRNAs Meister et al, 2004; Jaskiewicz and Filipowicz, 2008) . It has been estimated that as many as 1000 miRNA genes are encoded in the mammalian genome, of which 4700 have been experimentally verified (Bentwich et al, 2005; Berezikov et al, 2005) . Approximately 30% of the protein-coding genes contain potential miRNA binding sites in their 3 0 untranslated regions (3 0 UTR) and may therefore be under miRNA control (Lewis et al, 2003 (Lewis et al, , 2005 John et al, 2004; Krek et al, 2005; Grimson et al, 2007) . Aberrantly expressed miRNAs have been linked to a variety of diseases, including cancer, where they can act as tumour suppressors or oncogenes (Calin et al, 2005; Kloosterman and Plasterk, 2006; Zhang et al, 2006) . The involvement of miRNAs in cancer prevention has also been confirmed by conditional Dicer inactivation, which led to accelerated tumour development (Kumar et al, 2007) .
Most translationally repressed mRNAs are diffusely distributed in the cytoplasm. However, a subset is located in subcellular structures; the Ago2 protein and other components of the RNA-interference machinery accumulate in processing bodies (PBs) in most cell types, suggesting that they are major sites of RNA processing (Eulalio et al, 2007) . Various types of cellular stress induce another type of structure, called stress granule (SG) (Kedersha and Anderson, 2007) . The function of SGs is not completely understood, but they are generally considered as sites where translationally repressed mRNAs accumulate. Ago2 was found to relocalize to SGs on arsinite treatment (Leung et al, 2006) .
In view of the complexity of the DDR pathway, it is expected that miRNAs have a function in this cellular response to environmental insults. However, any function of miRNA-mediated gene silencing in the DDR has not yet been elucidated. Therefore, we exposed cells to UV and investigated SG formation and miRNA-expression patterns. MiRNA-driven RNA silencing influenced survival and cell-cycle progression, indicating that RNA interference mechanisms contribute to the DDR.
Results
Knockdown of Dicer and Ago2 leads to UV hypersensitivity Defects in the DDR usually lead to cellular hypersensitivity to DNA-damaging agents. In order to determine whether miRNA-mediated gene silencing is involved in DDR, we used the natural DNA-damaging agent UV and determined the effect of inhibition of the miRNA response. HeLa cells were transfected with siRNAs that target the crucial components Ago2 and Dicer or control siRNAs. The next day cells were reseeded and 32 h later exposed to UV. We observed a significant decrease in cell survival when miRNA-mediated gene silencing was abrogated. (Figure 1A , Supplementary Figure 1A -D). This was not because of reduced proliferation or cell viability: the cells proliferated at a similar rate between 24 and 72 h after siRNA transfection. (The growth delay observed in the first 24 h after reseeding ( Figure 1B ) was transient and might be because of a general sensitivity to stresses, such as trypsinization.)
Dicer-depleted cells had a similar cell-cycle distribution compared with normal cells after reseeding ( Figure 1C ). However, when both Dicer-depleted and control cells were exposed to UV 48 h after reseeding, the cell-cycle distribution was markedly different: we observed a dramatic depletion of G1-phase cells and enormous increase in S-phase cells, which suggests that miRNAs have a role in cell-cycle checkpoints and/or DNA repair and replication. Thus, miRNA-mediated gene regulation has physiological relevance for DDR.
UV irradiation leads to Ago2 relocalization in stress granules
To address the role of miRNA-mediated gene-expression regulation in DDR in more detail, we used two different readouts: (I) changes in miRNA-expression levels, and (II) UV-induced SG formation. Stress stimuli have been shown to cause the relocalization of RISC-complex components into SGs, suggesting that both SGs and miRNAmediated gene silencing have a role in stress-induced geneexpression changes (Leung et al, 2006; Leung and Sharp, 2007) . Therefore, we determined whether UV damage also led to SG formation in HeLa cells and primary human fibroblasts. As described previously, UV irradiation triggered the accumulation of SGs, as judged from TIA-1 staining patterns ( Figure 2A ; Anderson and Kedersha, 2002) . SG formation was dose-and time-dependent and became apparent within 1 h after UV exposure. The SG size and the number of cells carrying SGs increased until they reached their maximum at approximately 4 h after UV irradiation, whereas most cells lost SGs after 24 h (Figure 2A and B; data not shown). Next, we tested whether Ago2 translocates to SGs after UV damage as shown for arsenite treatment. We transfected HeLa cells with a previously described GFP-Ago2 transgene, which mimics the behavior of endogenous Ago2 (Leung et al, 2006) , and monitored its localization on UV stress. The untreated cells showed diffuse cytoplasmic localization of GFP-Ago2 with accumulation in a small number of P-bodies ( Figure 2C ). UV irradiation changed Ago2-GFP localization: it accumulated in several large, newly formed structures in the perinuclear region ( Figure 2C ). These newly formed structures were identified as SGs by TIA-1 co-staining and all SGs had acquired GFP-Ago2. Thus, SG formation and Ago2 relocalization are part of the cellular response to UV stress.
SG formation is cell-cycle dependent
SGs were only present in a subset of cells, suggesting that this might be a cell-cycle-dependent phenomenon. We indeed found, that SGs were never detected in cyclin-A-positive S-phase cells ( Figure 3A ). This was confirmed by the absence of SGs in cells that showed bright gH2AX staining (Supplementary Figure 1E) , which only forms when replication forks encounter UV-induced DNA damage (Marti et al, 2006) . Furthermore, only 15-20% of the cells formed SGs in asynchronously growing cells ( Figure 2B and C), suggesting that only a subset of cells in G1 and/or G2 phase form SGs. Importantly, we noticed that the large majority of SG-positive cells appeared in pairs, suggesting that these cells have just passed through mitosis and entered the next G1 phase. To investigate the cell-cycle dependence in more detail, we synchronized HeLa cells at the G1-S boundary and UV irradiated them at different time points after release from the cell-cycle block (Supplementary Figure 1F) . SG accumulation was monitored by TIA-1 staining 4 h after UV treatment. Again, only the cells irradiated in the G2 phase (8 h after release of the cell-cycle block) accumulated SGs in a high percentage of the cells ( Figure 3B and C). These cells apparently passed through mitosis, as judged from the fact that they always appeared in pairs. Interestingly, we occasionally observed cells that had not yet fully stretched after mitosis, which contained many tiny SGs as judged from the TIA-1 staining pattern ( Figure 3D ). Thus, SG formation is triggered by UV irradiation during the G2 phase, but SGs were present only in the G1 phase after mitosis.
Subsequently, we investigated which cell-cycle control factors are involved in SG formation. The ATM and ATR DNA-damage checkpoint kinases are quickly activated in response to DNA damage and their recruitment to the DNA lesions has a pivotal role in inducing cell-cycle arrest (Shiloh, 2003) . Therefore, we investigated whether ATM and/or ATR influenced SG formation. We treated GFP-Ago2-expressing HeLa cells with caffeine, in a concentration that inhibits both ATR-and ATM-kinase activity (Supplementary Figure 1G) . Surprisingly, caffeine had no apparent effect on SG formation and Ago2 accumulation after UV damage ( Figure 3E and F). The number of SG-positive cells and co-localization with Ago2 remained unaltered, indicating that the ATM-and ATR-kinase activities were not required for SG assembly or Ago2 translocation. As expected, specific inhibition of the ATR effector kinase Chk1 by UCN-01 or of ATM by the KU55933 inhibitor did not affect SG formation either ( Figure 3F ).
As SG formation requires mitotic transition, we investigated whether CDK activity influenced this process. Cells were treated with the CDK inhibitor roscovitine under conditions that allowed normal passage through M-phase and did not induce apoptosis (data not shown). We observed a clear change in the SG appearance: much smaller SGs were scattered throughout the cytoplasm ( Figure 3G ). Remarkably, arsenite-induced SGs were not affected by this roscovitine treatment, showing that CDK inhibition did not influence the general ability of cells to form SGs. Apparently, CDK signalling is specifically required for efficient SG assembly after UV-damage induction.
In an attempt to identify the genetic factors that could sense DNA damage leading to SG formation, we stained for TIA-1 in various MEF and ES cell cultures after UV irradiation ( Figure 3H ). We found normal SG formation for cells deficient in various DNA-repair genes involved in UV-damage repair and DNA double-strand break repair (UV damage causes double-stranded DNA breaks when cells are in S-phase Marti et al (2006) ) and checkpoint signalling. In conclusion, CDK activity influences SG formation, but the main repair and checkpoint pathways do not. The actual damage sensor remains unknown.
miRNA expression is altered after UV irradiation
In addition to UV-induced Ago2 relocalization, we addressed which miRNAs are regulated on UV stress. Therefore, we carried out miRNA profiling of primary human fibroblasts, which have an intact DDR. The expression of 328 different miRNAs was tested at 4 and 24 h after UV exposure using locked nucleic-acid-based miRNA arrays (see Supplementary data for details). Three expression patterns became evident ( Figure 4A ): (I) a short-term early regulation (panel I), (II) a long-lasting regulation that started early (panel II) and (III) miRNAs that were regulated late after UV (panel III).
The miRNA-expression profile at 4 h after UV exposure, when SG formation was most prominent, showed significant upregulation of 20 miRNAs of which 15 had a more than two-fold change, whereas 11 miRNAs were significantly downregulated. The miRNA regulation was predominantly In addition to miRNAs that were regulated only during the first hours after UV exposure, some miRNAs were differentially expressed early, but had a long-lasting expression regulation ( Figure 4A , panel II), which includes the upregulation of miR-221 that regulates the UV-responsive cell-cycle control gene p27(kip1) (Poon et al, 1995; Galardi et al, 2007; le Sage et al, 2007) . Finally, there is a class of miRNAs that was regulated late after UV exposure ( Figure 4A , panel III). Most notably, we found upregulation of miR-34a, which is a direct p53 target (Chang et al, 2007; He et al, 2007; RaverShapira et al, 2007) . Next, we determined whether observed miRNA-expression changes are conserved in other cell types. As various experiments were carried out in HeLa cells, we determined miRNAexpression profiles of these cells 4 and 24 h after UV exposure ( Figure 4B ). Many miRNAs are regulated in a similar manner in HeLa cells and primary human fibroblasts at 4 h after UV exposure ( Figure 4B , panel I) although there are some differences: in general, the fold change after UV is lower than in primary human fibroblasts. The long-lasting response that starts early is virtually absent ( Figure 4B , panel II) as well as the miRNAs that are regulated late after UV exposure, such as the p53-dependent miR-34a ( Figure 4B, panel III) . This indicates that the fast miRNA response is largely present in HeLa cells, but late responses are aberrant. Differences in miRNA expression changes between primary human fibroblasts and HeLa cells are probably due to the transformed status of HeLa cells as well as the difference in cell type (fibroblast versus epithelial cell).
As SG formation and Ago2 translocation were not dependent on ATM-and ATR-kinase activity, we investigated whether this was also the case for miRNA-expression regulation. The caffeine-treated primary human fibroblasts were UV-irradiated and subjected to miRNA profiling. Here, a considerable fraction of the miRNA was regulated similarly in the presence of caffeine ( Figure 4C ). However, the regulation of several other miRNAs was considerably less pronounced or even absent, indicating that both ATM/ATRdependent and independent pathways are involved in miRNA-expression regulation after UV damage. miRNAs contribute to gene silencing after UV exposure The fast regulation of miRNAs after UV treatment indicates that miRNA-mediated gene silencing acts later than the fast protein modifications that occur minutes after UV damage, but acts earlier than most gene transcriptional responses of which the p53 response is best characterized. Indeed, p21 upregulation after UV exposure (a p53 target gene) was slower than many miRNAs (Supplementary Figure 1H) . To provide more evidence for this hypothesis, we sought to identify a miRNA target gene that has an important role in the DDR, is preferentially regulated at the post-translational level and mRNA level, which could serve as an example. Previously, we reported a study on gene-expression profile for genes that are regulated after UV-induced DNA damage (Garinis et al, 2005) . We noticed that the mRNA of a central mediator of the G1-S cell-cycle checkpoint CDC25a was downregulated already 1 h after UV, whereas it has been reported the CDC25a protein is degraded minutes after UV (Mailand et al, 2000) and that p53-induced p21-dependent downregulation of the CDC25a promoter occurred only after 9 h following DNA-damage treatment (Vigneron et al, 2006 ; Rother et al, 2007) . We reasoned that UV-responsive miRNA could in principle regulate CDC25a mRNA in the hours before promoter silencing.
First, we used the miRNA target-prediction program Targetscan (Lewis et al, 2003 (Lewis et al, , 2005 Grimson et al, 2007) to determine whether the CDC25a 3 0 UTR had the predicted target sites for miRNAs that were upregulated after UV exposure, preferentially those miRNAs that were only regulated early after UV damage. Indeed, the CDC25a 3 0 UTR has two predicted miRNA target sites against miR-16, which is upregulated early after UV damage in both human fibroblasts and HeLa cells in an ATM/ATR independent manner. Then, we confirmed the UV-dependent upregulation of miR-16 using quantitative PCR ( Figure 5A ) that verifies the rapid induction of miR-16 expression on UV damage. This induction was ATM/ATR-kinase independent ( Figure 5B) .
As miRNA-mediated mRNA degradation depends on Dicer and Ago2, we first evaluated whether UV-induced CDC25a downregulation depended on these factors. The CDC25a-transcript levels decreased significantly after UV exposure in an Ago2-and Dicer-dependent manner ( Figure 5C ), indicating that CDC25a mRNA is targeted by miRNAs. The downregulation of CDC25a-transcript levels was solely dependent on miR-16, as shown by the abrogation of this response in a miR-16 knockdown experiment ( Figure 5D ). Further evidence that miR-16 was indeed able to regulate CDC25a expression was obtained using a luciferase reporter construct containing the CDC25a 3 0 UTR. As shown in Figure 5E and F, miR-16 knockdown led to increased luciferase activity, whereas ectopic overexpression of miR-16 resulted in a downregulation of luciferase activity in HEK293T cells, showing that CDC25a mRNA is directly downregulated by miR-16. This example provides more evidence that miRNA-mediated gene silencing contributes to the cellular responses to UV stress in a timed manner.
MiR-16 regulates cell proliferation and the G1-S checkpoint
CDC25a has an essential role in the cell cycle and it's downregulation leads to an immediate cell-cycle stop (Mailand et al, 2000) . Therefore, we investigated whether miR-16 has a role in the cell cycle as well. Ectopic overexpression of miR-16 halted cell proliferation already 24 h after transfection ( Figure 6A ). Moreover, 24 h after transfection, clearly more cells were in the G1 phase of the cell cycle as compared with control cells ( Figure 6B ). Next, we determined cell-cycle phase distribution in miR-16 knocked-down cells with and without UV treatment ( Figure 6C ). The MiR-16-depleted cells had a similar cell-cycle distribution as control cells when unexposed. After UV treatment, however, miR-16-depleted cells accumulated in the S phase, similar to the cell-cycle profile seen after Dicer knock-down ( Figure 1C) .
While assessing the role of miR-16-dependent CDC25a regulation in the cell cycle after DNA damage, we observed that additional genes that regulate the G1-S transition were potential targets for miR-16, such as cyclin D1 and cyclin E. Indeed, luciferase experiments indicate that miR-16 is able to regulate these genes ( Figure 6D and E). More G1-related cellcycle genes have been indicated as miR-16 target genes , which together point towards a regulating role for miR-16 at multiple steps in the G1-S checkpoint.
Discussion
We provide evidence for a new level of gene-expression regulation in DDR. Using a combination of fluorescence 0 UTR vector or RLuc with a control 3 0 UTR in combination with a specific miR-16 overexpression (50 nM) or control overexpression (50 nM) oligonucleotide. A ubiquitously expressed firefly luciferase gene, which is also present in the vector, was used as a transfection control. Luciferase activity was measured 24 h after transfection. (F) HEK293T cells were transiently transfected with either the RLuc-CDC25a-3 0 UTR vector or RLuc with a control 3 0 UTR in combination with a specific miR-16 inhibitor (50 nM) or control inhibitor (50 nM). A ubiquitously expressed firefly luciferase gene, which is also present in the vector, was used as a transfection control. Luciferase activity was measured 24 h after transfection. microscopy, miRNA profiling and reverse genetics, we showed that Ago2 and miRNA expression regulate several aspects of this response, eventually leading to increased survival after UV irradiation. The intracellular relocalization of Ago2 to SGs and miRNA-expression changes imply that microRNA-mediated gene silencing is an integral part of DDR.
The exact role of SGs in the miRNA-mediated regulation of gene expression after UV irradiation (and stress in general) remains to be elucidated. We found a similar temporal regulation of miRNA expression and SG formation. However, UV irradiation leads to SG formation in only a subset of cells, in contrast to the 100% of SG-positive cells after arsenite treatment ( Figure 3G and Kedersha, 2002, 2006) ), suggesting that miRNA-mediated gene silencing is only partially associated with SGs on UV damage. In addition, SG formation after UV-irradiation did not depend on miRNA biogenesis ( Figure 3H ), suggesting that SGs have functions in addition to miRNA-mediated gene silencing or is an upstream event. The appearance of SGs in cells that have just divided indicates that SGs are important for events that occur during G2-M transition or after exit from mitosis. The aberrant appearance of SGs after roscovitine treatment indicates that Cdk activity has a role in SG formation after UV irradiation. However, the relocalization of TIA-1 from nucleus to cytoplasm suggests that other factors are probably responsible for transmission of the UV-damage signal. The nature of this signal is not yet clear, but it does not seem to involve signalling by ATM/ATR or the major DNA-repair pathways.
The timing of SG formation and miRNA regulation is different from the previously identified processes of protein modification and transcriptional regulation. A variety of ATM/ATR-dependent protein modifications result in a direct, but transient, cell-cycle block within minutes after DNA damage (see model in Figure 7 ; Lukas and Bartek, 2004) . In addition, a p53-dependent transcription-based response is initiated that needs many hours to establish a stable and prolonged cell-cycle arrest (Lukas and Bartek, 2004) . On the basis of the timeframe of SG formation and miRNA expression after UV irradiation, we propose that miRNA-mediated gene silencing acts at the intermediate time points in the DDR. This concept is further supported by the study of CDC25a as a miRNA target gene after UV irradiation, which is required for proper cell-cycle checkpoint control. In minutes after UV irradiation, the CDC25a protein is phosphorylated by ATR, which results in rapid protein degradation and immediate cell-cycle block (Mailand et al, 2000) . At least 9 h later CDC25a transcription is downregulated in a p53-dependent manner by p21 (Vigneron et al, 2006; Rother et al, 2007) . However, a previous study showed that the CDC25a mRNA is already downregulated as early as 1 h after UV treatment 0 UTR in combination with a specific miR-16 (50 nM) or control (50 nM) oligonucleotide. A ubiquitously expressed firefly luciferase gene, which is also present in the vector, was used as a transfection control. Luciferase activity was measured 24 h after transfection. (E) The full-length cyclin E1 3 0 UTR was cloned downstream a Renilla luciferase (RLuc) gene (Psi-CHECK2 vector). HEK293T cells were transiently transfected with either the RLuccyclin E1-3 0 UTR vector or RLuc with a control 3 0 UTR in combination with a specific miR-16 (50 nM) or control (50 nM) oligonucleotide. A ubiquitously expressed firefly luciferase gene, which is also present in the vector, was used as a transfection control. Luciferase activity was measured 24 h after transfection. (Garinis et al, 2005) . Our finding that miR-16-mediated CDC25a-mRNA degradation functions early after UV exposure supports the idea that miRNA-mediated gene silencing operates indeed in the first few hours after UV-damage induction, earlier than most gene transcriptional responses. A similar kinetics has been observed in the downregulation of various members of the let-7 miRNA family on being subjected to ionizing radiation (Weidhaas et al, 2007) .
In addition to CDC25a, miR-16 also regulates the cell-cycle genes cyclin D1 and cyclin E. Moreover, we showed that miR-16 has an active role in the cell-cycle checkpoint after UV damage. Although we did not study the regulation of other miRNA targets in similar detail, we argue that such a division of DDR in a fast, intermediate and slow component is probably a general phenomenon. A quick response of protein degradation or activity regulation is necessary to react to the genotoxic stress and prevent direct adverse effects of for example, cell-cycle progression. Subsequently, miRNAmediated silencing prevents de novo protein synthesis, which would otherwise initiate a futile cycle of protein synthesis and degradation or inactivation. Finally, gene transcriptional regulation takes over the gene-expression regulation function at later time points, in order to sustain the changed expression pattern when a persistent alteration of gene expression is required.
In addition to survival defects, inefficiency of the DDR is also strongly correlated with cancer. All cancers have at least one defect in the DDR, such as inactivation of p53. Furthermore, many hereditary cancer syndromes originate from germline mutations in genes that have a role in DDR (Hoeijmakers, 2001; Vogelstein and Kinzler, 2004) . Interestingly, many human tumours had lower overall miRNA levels (Lu et al, 2005) and Dicer deficiency accelerated the malignant transformation (Kumar et al, 2007) . This paper shows that lower or absent miRNA levels in cells can have a profound influence on the DDR (Figure 1) . Therefore, we hypothesize that lower miRNA levels in cancer cause defects in DDR that might contribute to the acceleration of the malignant phenotype. This hypothesis is also consistent with the observation that some miRNAs that are regulated after DNA damage have been identified as tumour-suppressor genes or oncogenes, such as miR-16, which was the first miRNA shown to be causally involved in human cancer (chronic lymphoid leukemia) (Calin et al, 2004) . In general, UV-responsive miRNAs are regulated in opposite direction compared with their mis-regulation in cancer, indicating that these cancers have an abrogated DDR. The other frequently deregulated miRNAs across solid tumours originated from six different tissues (that are also UV-responsive) are miR-29b, miR-21, miR-221 and the miR-23a-27a-24 cluster (Volinia et al, 2006) . Taken together the function of miRNA-mediated gene silencing in DDR could be an essential component in cancer etiology.
Materials and methods

Cell culture and UV irradiation
HeLa cells were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco-BRL) supplemented with 10% fetal calf serum (FCS) and human fibroblasts in a 1:1 mixture of DMEM and Ham F10 medium. ES cells were cultured on gelatin-coated dishes in a 1:1 mixture of DMEM and Buffalo Rat Liver (BRL)-conditioned medium supplemented with 10% FCS, penicillin (100 U/ml)-streptomycin (100 mg/ml), 0.1 mM non-essential amino acids, 50 mM b-mercaptoethanol and 500 U/ml leukemia inhibitory factor. For UV irradiation, cells were washed twice with phosphate buffered saline (PBS) without Mg 2 þ and Ca 2 þ , pH 7.5. Cells were irradiated at 50-70% confluency. Where indicated, HeLa cells or human fibroblasts were treated with caffeine (ATM/ATR inhibitor, 8 mM) (Sigma), the ATM inhibitor Ku55933 (20 mM; Kudos Pharmaceuticals), Chk1 inhibitor UCN-01 (300 nM; Drug Synthesis and Chemistry Branch, NIH, Bethesda, MD) or roscovitine (Sigma, 5, 10 and 20 mM).
RNA and protein analysis
Total RNA was prepared from cultured cell lines using Trizol (Invitrogen). The CDC25a, GAPDH, Dicer and Ago2 levels were monitored by RT-QPCR (Invitrogen) according to manufacturer's protocol and/or RT-PCR for which quantification of real-time PCR products was carried out by image analysis software after scanning of ethidium-bromide-stained gels. The CDC25a primers: 5 0 -GAAGA CTTCTTATTGAAGAAGCCC-3 0 and 5 0 -CTCAGAGCAGCTTGACACGGT G-3 0 . Dicer primers: 5 0 -CATGGATAGTGGGATGTCAC-3 0 and 5 0 -CTA CTTCCACAGTGACTCTG-3 0 . Ago2 primers: 5 0 -CGCGTCCGAAGGCT GCTCTA-3 0 and 5 0 -TGGCTGTGCCTTGTAAAACGCT-3 0 . GAPDH primers: 5 0 -ACCACAGTCCATGCCATCAC-3 0 and 5 0 -TCCACCACCCTGTT GCTGTA-3 0 . The quantification of mature miR-16 and RPL21 expression levels was carried out by real-time PCR assay (Applied Biosystems). Immunoblot assays were carried out using polyclonal antibodies that specifically recognized Ago2 (Upstate), anti-phospho Chk1S317 (Bethyl Laboratories, Inc.), GRB2 (Abcam) and Dicer (Abcam).
siRNA experiments
Knockdown experiments were carried out using four different siRNAs against Dicer, Ago2 and non-specific controls (Dharmacon). HeLa cells were seeded and at B70% confluency transfected twice (6 h apart) with siRNAs at 50 nM final concentrations using Lipofectamine 2000 (Invitrogen). The next day, cells were reseeded. The UV treatments were carried out as indicated. Dicer and Ago2 knockdowns were confirmed by RT-PCR and western blotting.
Clonal survival
The siRNA-transfected HeLa cells were reseeded ( ± 150 cells per plate) and 30 h later treated with UVC. After 7 days colonyformation capacity was assayed. Dicer and Ago2 siRNA-transfected cells were reseeded and live-cell number was counted at 24, 48 and 72 h after reseeding (using trypan-blue exclusion).
Cell synchronization and cell-cycle profiling
Transfected HeLa cells were reseeded at 50% confluency and 48 h later treated with UVC. At 15 min before collection, BrdU was added. After 24 h cells were collected through trypsinization, fixed in 75% ethanol. Fixed cells were stained with anti-BrdU-FITC and propidium iodide and used for FACS analysis.
Cells were arrested on the G1-S boundary by incubation in medium containing 7.5 mM thymidine for 24 h. Cells were released from the thymidine for 18 h before a second incubation with 7.5 mM thymidine for 24 h. Cells were released from the thymidine block and subjected to UVC (20 J/m 2 ) irradiation at different time points. Cell-cycle profiling and UVC irradiation were carried out at 0, 4 and 8 h after release. TIA-1 immunofluorescence and cell-cycle analysis for SG formation was carried out 4 h after UV treatment.
Immunofluorescence analysis
For immunofluorescence analysis, cells were fixed with 2% paraformaldehyde for 15 min at room temperature and permeabilized and blocked with PBS containing 5% BSA and 0.1% Triton X-100 for 30 min. The anti-TIA-1 (Santa Cruz Biotechnology) antiserum was used at 1:100 dilution and gH2AX (Upstate Biotechnology) antibody at 1:500 dilution. Secondary anti-goat and anti-rabbit antibodies labelled with Alexa488 and Alexa594 fluorochromes (Molecular Probes) were used at 1:1000 dilutions.
Microarray analysis
A detailed overview of miRNA profiling can be found in Supplementary data. Total RNA was labelled (Cy3 only) using the ULS aRNA labelling kit (Kreatech). The LNA-based capture probeset (Exiqon) was spotted on Nexterion E slides using a Virtek Chipwriter Pro. The labelled total RNA was hybridized in a saltbased hybridization buffer (Ocimum Biosolutions) overnight at 601C in a Tecan HS4800 pro hybridization station. Slides were microRNAs regulate the DNA-damage response J Pothof et al scanned in a Tecan LS Reloaded scanner. Data extraction was carried out by Imagene software. The raw data were normalized using quantile normalization and used for statistical analysis. Heatmaps were generated using TM4 microarray software suite (Saeed et al, 2003) .
Luciferase assay
The full-length CDC25a, cyclin D1 or cyclin E 3 0 UTR was cloned downstream Renilla luciferase in a Psi-check2 vector (Promega). The control and miR-16 inhibitor and overexpression oligonucleotides were obtained from Dharmacon. HeLa cells were cotransfected using Lullaby (Boca Scientific) at 50 nM final concentrations with the vector and miR-16 overexpression or knockdown oligonucleotide. Luciferase activity was measured 24 h later by Dual Glow luciferase kit (Promega).
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
